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I. INTPODUCTION 


— Aa ome eee OR eee ee ee 


fee LS TORY 


eee rrequencv radio direction findins, abbreviated in 
Mmmemre port as HFDY, has been a topic of interest since the 


Mumecmeee uses Of radio. The science of 4FUF has developed in 


erts Of inazenuity and need. Tne aiaivances in electronic 


devices and the more accurate modeling of AF propasation have 


- 


aw! 


See important steps to developing eccurate HFDY systems. 
mewever, it has been military necessity tnat nas spurred the 
Meee important developments in tais field. Tne greatest 
Meecentration of published literature on tnis subject resides 
Meee tecnnicel revorts published during and in tne decade 
eeewer vorlid War Two. 

Pmeemaior studies of H2D¥ have dealt with t2e problems of 
Meeerization of skywave signals, the etfects of multipatn 
Beemtaeation, the statistics of HF vropegation througn the 
icnospnere end the develonmert of d¥DF antennas and arrays of 


Memenrnas. An inportant distinction nas develonedc from these 


Studies. Tnere are three types of HSFDF antennas: (i, wice 
Beer ture. (2\ medium aperture and (3! narrow aperture 
aptennas. whether an antenna array ccmpares paase cr 


feeercude. the primary measure cf prcblems attendant tc its 
Meee te TOer"St1icon is the width of its aperture. The tern 


ez 


as 





Meme re in this vader reters to tne linear ssatiel extent of 
an antenna, not to an area. The unit of measurement is either 
Meter or wavelenetn. It the aperture is on the order of one 
Mmemeter Cr i2ss of a wavelereta., it Can be considered narrow 
Mumeetire. and it suffers the #@reatest rumber of difficulties 
Memacnieving accurate direction finding capability. 


enced considerable 


ed 


During world War Two the Allies exper 
success with the landbased medium and wice aperture systers 
Bmemenot ureypectedlyvy. limited success with narrow aperture. 
Mmeoveard ar)r systems. One of the major tarszets of the 
meepooard HFYDF systems was German sutmarines. AS improvements 
Were mace to all trnes of EFD®T svstems, the subdmarine ’s 
Bransmissions became more anda more vulnerable. In an etfort 
Meointeain communications and to tawart aFDr systems, tse 
Meeeeeas )«€©6SSNOrtened tne duration of tré@nsmissions tc lower tre 
Meepacility tnat the transmissions would ove intercevtec ana 
mmeeeacuentiv locatec bv HDF. A highly effective means of 
meerpening transmission time was t9 record tne information on 
Pape and tnen to transmit via the radio at a fmucn faster 
Meevack speed. wWnen tris method was couplec with the 


MemerbicC® Cf economizing on the amount of information sent. 


rD 


Slagnal durations were shortened by more then an order of 
Meenituae. 1 J-bdeat emplovins such measures was anvnvreciabliy 
less suscenvtible to HFDF. 


eae problem of locatine a short duvation signal remains 
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Meme t 1s Still 3 Sommon Problem. even wher the target 
Mom itteér does rot attempt t9 compress its signal. In 4 
Merc a!) Situation it is typical toet the communicaticn net 
gon trol Sie vlon. usually SOO ee ted with tae 
Mupeecer-in-tactical-commanc, will act as a HmoOcw@icas ti 1c 
Meeeron. and tne outstetions will not transmit or will only 
Meeesmit a brief siernal. In tie cese of manuai morse tais 


Mal ray be an * for reger rour last transmission . ¢r 


Semmeeeecase Of CTactical voice communicatio"s tre outstaticn 


wil) Griet ly Some eowOpiOre sss in  C€lther  case..tne 
mpagsmission may not tlast lengeer than 2E¢ ro £f2 


milliseconds. 
The repid growth ofr dizital communications nas 
Meee 1Centiv increased tne ease with which a ocurst siznal 


mame be Zenerated and reliably received. Given a Gar ai 
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Meese of curation 
Meee is 2a SimDle G@xpression for the anount of infornatior in 


meres tnet cen oe transmittec. 


alt he ee 


Povo teotOs:t Guretion Sif@nal hit stream 


If the number Coe tic 1's N . then N=7/2t. 2t is 
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Meemorimately the reciprocal of the bandwidth: tnerefore, 
N=(T)(3w). avproximately. In the high freauency range 4 
Memewiretc cr 1@ KHz can be readily achieved. AS an examnple. 
Meee, anc t=5476 7S. N G@duals S2¢¢ cits. Five tnousand 
Mummers SUiricient to provide considerable encoded tactical 
Meee riaticn. "yen if toe signal dureticn were limited to 222 
femeea the first half of tne signal dedicated tc alerting tare 
Meevinatior receiver, there would remain 1822 bits for 
Mmeeormetion. At five bits per svmtol and an average of five 
moe! S per word, this would allow forty words to be 
Memmmniceted in tne svace of 2aeams. For a shiv on a ccvert 
mmmepy dav patrol sendins a single daily status report via 
meme, | «6CCOmmMyuNnications. tne total communications transmissicn 
meme would amount to siy seconds (about two one milliontas cf 
mae patrol period). 

Memeaate bas author nas not be@n able to find any past «r 
Mummmenut research on the capabilities of 4rdD® systems 9 
Mememeort short duration siznals. Tris is o»robably due to 


1 Ty 


memerc! reasons. the primary reason is tnet HDF engineers 
Seemeestill absorbed in the more tasic problem of improvinre 
efJr against medium and long duration skywave signals. 
Memecieclly in the case of narrow averture HDF antenna 
Meee 75, tnere remains considerable need for improvement. In 


the case of wide aperture 2FDF antenna systens, tne ynroolenm 


Meeooort duration signals seems to be tractable. 4Uowever, 





aaeT S mesmCumcanoear to Exist a comprenensive study 
Mumeeeosine this problem, and to conduct suca2 a controllei 


Mery) «6COrl)6|CU SK Ywave prodDegated siznals would oe expensive. 


WY 


Mepeyrtnstandin= these difficulties. the snort duration signal 
Could easily become an acute tacticél oreblem for the side 
Meeeecernot exdicoit it, and tne problem tanerefore deserves 


momeadaiate attention. 


mre seneral question of interest is how good are existine 
Meee 6S¥Stems)6 at)6€6etermining lines of bearing on snort 
MereatioOn sisznels. Any complete examinatior of an H*DF system 
Meguires One® t% investigate tne characteristics of either 
Meee Or narrow anerture antennas. aAcdaditionally, cne must 
Meeeane the problems of site locetion. sisgnel acyuisiticn 
Mperer, ~“ec@®iver demodulation, tearing sense circuits anc tas 
Meee: environnert. Performance must also be determined frr 
Bround versus sxywave and multipati versus single patn. fnis 
Mould tre an e@normors task if all current HFDF systems were 
Memeraered. Tne scone of this effo-t is much more restricted. 
ie purpose of this thesis is to investigate the mean and 


Variance of tearing estimates for short duration skywave 


“tr 


eeenals received with a narrow aperture HFDF system. Several 


Meetistical procedures are develoned and compared with the 


PS 





intention 92 discriminating between reliable and unreliatle 
@ata end calculating the test bearing estimate from tne 
Melietie data. 

miew problem of 20v toe acduire a snort duration slanel or 


Mummeomintcerface such an acquisition syste to an HFDF svstem 


Mme net be andcressed in tnis report. 
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meee reguency '2F) is the resion rrom three to tairy 
Meemeertz. its corpleyify is due to "anv ‘atural pnenonena 
Semeee are interdependent, corplex in tnemselvas. sone poorly 
Mummers pOCd. COSPic ant micrecosmic in extent ani dirficult to 
Meee es. The primary csomplerity for the SFDF engineer resiieas 
memeene iorosonere. ‘the ionosphere can oboe considered an 


innhomoszeneous plasna that surrounds a spnere of finite, out 


Meerable, coniuctivity and separates the spnere fron frees 
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eeace and numerous Se lar ead Tests Son 
Meer rances. The ionosyxnere has been, ani continues to be, a 


Mme ct Of considerable research. references 1 tarovusn + are 


th 
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Mmmemers §«€6are) «added monthly. but the scrp: 


Meense. TO predict accurately ionospheric corditions, one 


mus ¢ be Sem vedmeevatn Ore than tae -tha:sics of the 
Memospnere. The physics Provides the equations or the svster. 
Meer ce forcings functions and the boundary conditions must te 


meeerrcientliy measured to forecast accurately. 
Meeremi eoreing functions are tne solar flux, seravitationa 


Memeo, Weather related dynamics and the siznal of interest. 
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Mee ionosphere is usually modeled in terms 0 
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Soncentrations: tnerefore, phenomera mCi mat eG «fae 
Meapmeentration 9r tne excitation of the electrons drive tie 
memem. 222 solar flux is Drimarily @ diurnal pnenomenon; its 
Meme 15 Stronsaest in tne dortion of the plasma illuminated 
Memes Sun. ©2915 7ilvx is made un of electrontasnetic energy 
mmemeestreams of particles. In the case of sun svets and solar 
Mmeres. tnere ere often increased emissions taéet tend te 
Memes «the normal structure of the ionosphere. (Perhans it 
ema Ce mNcre accurete to state that tae cisturoanc is to 
Our model of the icnecsphnere.) [ne soler cdisturbance evolves 


Mmeetaree stages. The first is the impact of electromasnetic 
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Meeey in toe ultraviolet and x-"avy ranees tnat sauses 
Meee oec Clectron concent~ation in the lowest electror layer 


Meeeyer). “he second effect is the arrivel of high energy 


Se tseml-laver. 
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Mmeerons and alnha vDarticles that also incre 
M@emauration of the disruptions due to these two vaases is 
Mmmemevea tc several hours. Tne toird vohase is tie arrival oa: 
Mmeveener=v protons and electrons wnailcn snower tne eartn in 
Mapverns molded by the EFEarth’s magnetic field. in this paase. 
Meet Pray jast as long as several davs. the ionosphere 
experiences magnetic storms, an increase in the D-lavyer. 
Meeemotic SOnditions in tne nexyt nigner Y"-layver and tne 
Spectacular aurorae. 

means bO-2havity wayes Constitute a forcins tunction of a 


Mererent scone. Periodic variations in tne iynamics of the 
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Meee d=hocn-Sun sravVitational system and isolated, anomalous 
Mupmeeestacnal activity on the Kartn combined with a¥ acoustic 
Memes (The Mt. St. Felen eruption was a recent source cf sich 
ewes) )6C exert6]60forces.6Utnat 6 distort the ezeneral concentric 
Muemmiecd i fOrm Cf the electron plasma layers. The distorticrs 
mmr OOlyY Static. Traveling ionosvheric disturbances ave 
Mepeeuincormon, and their effect is to create eae doppler snirt 
Memeerarnsmitted signals. Ir tne ionosnheric disturbance i5 
Mme ad, the ray trace of a transmitted sienrel will be bent in 
Pmmuto. 

Maeve meme n ened Trorcins Tunction is the weataner. 
Meymamics of the weather affect tne pressure, the temperature 
Sememeun’ Mmixine of the atmosvnere. Tnese three factors in turn 
Mees a Sisnificant impact on the electron cerncentrations. 
Memeo ularivy tne corcentrations at tne lower altitudes. Tne 
Mereer i5 also a very important fastor in Risgn frequency 
Memes cecase it 15S 4 noise source. “4uch of thre niga 
Mmeeauercy backeround noise is attributec tc tnunderstern 
MemevityY which is continually occurring at seme voint on the 
marth. (It should be noted that mest of the electromagnetic 
Enerev of ae thunderstorm is in the VL¥ region.) 


Memmmate signals are one of the smallest forsing functi 
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Memie On tne ionospnere, tut tnev are naturally of erea 
interest. Tne target Siete eee eccrS 11SGig. into the 


monosphere; it operates on the ionosphere and is overated on 
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By the ionosphere. The study of tais interaction has lead to 
a descrivtionr of the change oe transmitter antenve 


Memeezer1on tO elliptical pole@rization, the phenomena of 


refracted nigh frequency waves. multinatn interference and 
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meee Concepts of marimum useacle frequen: 
Meeeol©® frreauency (LMF) and optimum working frequency (70! 
Meee ionosanere is a system witn largely fluctuatire 
Mmerdgeary coniitions. The surface or the Farth is tne only 
memnder’ that can te considered fixed with respect to daiiy, 


seasonal Epem eleva Bseer) solar cycles. Ot8eEr tounda 
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memo ticns 2re much more dynamic. Cf tnese. the layering 
Mmewetron concentretions is primary. The inner two layers, 2 
Meum icn are mostly tne result of solar e1ectromagnetic 
Peclation have been mentioned. tne outer layer. fF, woicn 
Meet 15 subddividec into an Yi and #2 layer is relatively 
more Stable. [t remains wnen the veorticocn or the ionosphere of 
feeerest rotates into the solar unbra and tne ) and = lavers 
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Memeerse. The ) and & lavers during davlignt are responsit 
More the ron-leviative attenuation of nuch of the HF spectrum 


Memmterest (3-12 MHz’. The dispersion of the D and EF layers 
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Mees tne Y layer to become a virtual reflector situated et 
Pemeuuces tyvoically from 22@ to 423 «m. (Tne actual mechanisr 
memorepasation throvsh tne F laver is refrection wnhica can te 


Mererec as reflection from a virtual neiznt greater tian the 


eel Zenith of the tending ray.) F propagation opens up tne 
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Pmeming airways t9 lonsS distance communicatiors anc attendant 
Meamemoistance 2FDF in the 3-12 “Hz range. ror the engineer 


mers 1S a mixed blessing. 
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The HD" engsineer’s interest in scywave prop 
Meme iierence tetween tne direction of arrival of tne tarest 
Mee: and tne great circle cCearing to the tarzet anc in ias 
Marieance of the reasurements cf the angle of arrivel. Asife 


Meeeone eCquliorert limitations and site loscatior distortiors 


mere 1eCtigns, manv cf the errors ard variances that need 


ou 


meeeece “esolved to improve 0D: are due solely to tre 


t 


Mmonospnere. 

Meee tie evening, targets of interest in tne S-ie Maz band 
Seemeoe Cxploited, tut tnere is a considerably greater chance 
Or interterence from other discrete sources or frm zeneral 
Memteesources. Additionally. tnere is increased complexity 


Mmem signals routinely errive after two cr three hops whic 
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Memes pOnd to maximum cistences of E840 and Ildwss £7, 
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Memmpectively. Over these distances the errors and variances 
@ue to intereference, fading, tiltirs ard scattering increase 
MmearoOOint that even wide aperture antennas cannot produse 
Meee! tix information. 

Pemeamvortant consideration for narrow aperture antennas is 


Meee the effective anerture of one-quarter wavelengtn at «4 


pD 


Meee od «typical lenshaul davytine frequency, opecomes 


Meee tveentn waveleneth at 5 M¥z. a nienttime frequency. Ine 
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Meeromot ei*ective averture further exacervates tne problem cf 


tty 


Memeerrins a bearing and its variance. The erfective eight o 


Mm 


Mmemeartce ra iis 2159 a function of frequency; trerefrore, or 


Pemeeey pect the arrav pattern to change with tne cnange 
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Meeratinge frequencies. 
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SeeenacnCY APER2tUR: DE AN'PANNAS 

Peer uowledze Of The 10n0SDneTe nas srown exteisively in 
meee oast torty years. Investigators can now feel reéescnaodly 
memrortatle with the developed medels anc the imnodroved 


Penso”"s. especially the Sxl za- terrestrial. ly Sse Sea 


Meperlites. veneral predictions are ovessible and a new 


Meyorite computer aid is _ the software that Dpeogne TS 
Meee satign and displays rav trvacines (see Fef. 13 and 
Mempendix CC‘. An 4FOF ensineer can review tne seneral 


Propagation scneme with an assurance that he uniaerstanis 
Sufriciently tne protlems presented by the ionosphere. But in 
be case of narrow aperture HSDF antennas One fiust gzuari 
efseainst tne feeling of confidence induced by &@ knowledge cf 
tne senerel situation. Gne is reminded of the situation where 
meobinc Man reeline the trunk of an elepnant attemuis a 
Memeral description of the elephant. In the cease of 2 
Meeemeter aperture antennae sempling a waverront in tne 


Seemeter tani. the dimensional comvarison with a nand and an 





Bee nant iS accurate. 

Mmeere ere two commonly used types cl nerrow apertur 
antennes. oxe Mie eLIes Or atpiitude comparison to 
Mepermine direction of arrival and the second trpe relies on 
Mupmeemoorra ison. an eyample of tne fermer is the simple locp 
mamor tne latter is the Adcocx. (?tefererce 5 voints out tnet 
Meemeorese and amplitude distinction is not clear cut in tre 
eee of tne Adecocx.') The case of tne sirole loco is 


illustrated below. 


Q@ xCOS (V/k) 





Figure 2 


PemercOp Sensing Airection of arrivel 


Memeairection of arrival of the signal is determined by tne 
Memeetrrve orientation of the locp and the nerizorntal component 


eeeeme Masnetic field. 





Gmemeease oO. the Adcock (actually one nalf of a U-Adsocx) is 


illustrated as: 
v= (21d [») SIN 8 


QO « sin (vK) 


K= A/ottd 
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Somes Adcock Sensing cirection of arrival 


meure <3 


Mg@emeairection of arvival of the signal is determined ty tae 
M@mdse Gifference between the tvo elements. 
Tne two examples above only serv Ome Hels bra Sow 


MeeeectiOn Of arrival information is deterrined. Real systeris 
memovy Fore elements to resolve ambiguities, imorove accuracy 
Mummmeeminance resistance to noise. Yne point is that tre 
fundementel precess relies on an element s@nsing amplitude or 
Meese. this fundamental Presess is in turn tne Tunderental 
Oeeeeculty for narrow aperture daFD" antennas. 

Moenez. o Gethin2 uses computer simulation to m»lot vyave 
Meee erence of multimode signals in terms of suriaces of 
Memetent vhase (CP) and constant amplitude (CA). sor the 
Mee) Case of 2a single specular comronent with no scatterin::. 
Mmemeesirzece cf CP and CA is a plane whose normal is the 
Meeeeericn of oropagsation. In the case of two rays. tue 
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mmper: erence patterns representei bv the surfaces of uP and 
Semevyary Witn the ansular seperation of the ravs in elevation 
Mmmemerazinuta. In all of the patterns presented in ef. 5 in 
Smet 2e amplitudes of the two component ravs differ py only 
MMe ree dt, Iajor distortions to tae ideal planes of UA are 
Sumeecic, ADDTOvYimately Ddlanar portions of the surfaces of vA 
meg Ge extending to several wavelen2zths in lensth are up te 
Meee ceerees different from the true angle of arrival. Tnere 
Meemeass 4inks in the whase frorts tnat vary tne phase up te 
Meemety aesrees in less thar the space of one wavelenztn. In 
mae cases where more than two rays are present, tne 
Meperiecrence natterns besome much more complex. 

mers ComrOuS @ethat trewspatial extent of wide aperture 
mmmenias is needed to resolve sucn interference patterns in a 
Bemert oeriod of time. Balser and Smith in Ref. 7 expiléined 
meet wien tne outouts of two antennas were correlated, the 
emeennas nad to be spacece forty wavelensztns in tne case of 
Mmemele hop and ten wavelenztns in the case cf nultinop to 
Summer ne correlation coefficient to 3.5 . For a narrow 
Meeeerure dantenna to detect phase or amplitude distortions of 
Memo Mmesnitude. the time or observation rust be relatively 
Meee However, it is necessary to detect such distortions to 
permit an assessment of reliabdilty to be assigned to cearinges 
Measured in distorted fields. 


merce scription abeve of interference vatterns was for two 
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sources nearly equal in amolituce. Tne COnu) t107 one 
comparaole emolitudces iS one that results in severe 
Memeeortion. As the amolitude of one cf tne rays becomes 
Mmostantially less than the other rav. tne interference 
Mepeeern otproacies the ideal, undistorted planar pattern 
Maporicit is tne assumption that single mode scatter is elso 
yery weak). Assuming that at least one of the rays of a two 
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ummmere rr erence pattern is fading. it can be expected tnat 
meresnort pericds of time ideal olanar CA and C% wavefronts 
meme OvDServedc. There is no ready meens of identifvine these 
Mee ntss however, if the fading i5 random, tne vlanar vA and 
Memeyovyetrorts should te toe statistical rean of tne measured 
wavefronts. Picea steeneOtieecsainge “shenld thererore ove a 
parameter to indicate the time Pieration TeQ de eee to 
Memes tically acquire a measurement of the true angle rf 
mer ival. 

Memes NOted in Ker. G that for a single ray witn Faréday 
rotation induced elliptical polarization the fade rates are 
Mme d in seconds per cvcle. In Ref. 12 polarization fattineg 
With periods of i1@ seconds and 2 db fade deptns were 
Meeorved as common. If two or more rays are present, fading 
meemeasured in cycles per second. Tnis indicates that a 
Mememow aperture HDF system will require approximately a 
meena tC recognize the fading condition if strong multipatza 


interference exists. The time required +9 average tne 
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Mper:erence pattern is related to the polarization fading of 
mieecominate mode. The amplitude of a polarization faded 


Memes 2@ Slocnastic process; thererore®, taere is nro 


Mererministic functional relationshin oetween time Sane. 
meer. A measure of the ravidity with which facing is 


on 


Mme tuatinge can be exvressed in terms of a fadinz power 
Meectrim. (Section 5.4.3 of Ref. 1 discusses the concept of 
Begging power spectrum.) If toere is a large portion of tne 
Bradin2g vower in the higher frequencies (186 to 1lZé2dc Bz , 


te 


M@eetfacines is fast. If the fadin2 newer is prinarily in tae 
mieme.t tO 1.40 Hz rezion. the fading is slew. In tne case cf 
Morarization fading it nas already been noted tnat fading is 
Myprcelly in the seconds per cvcle range. Therefore, an 
Mmenna whicn does not have sufficient spatial aperture to 
everazse inter*erence patterns must rely on fading to permit 
meme averaging. The time required for averaging is a furstion 
Meet ae interference vattern and appears tc te on tae oraer of 
five to ten seconds. 

meee asurement experiment reported by Bain in Ref. § 
demonstrated how time averaging of bearings reduced the 
Mememerce associated with the rean bearing. Using a U-Adcosce 
with buried feeders, bearines on skywave sisnals were 
me )6ChcGctlCUfc ive bearings per second. An autocorrelation of 


wH& bearings was computed and the resulting curve was 


approximated by the exponential expression: 
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med j= exp = 0/7.) 


wnere is a parameter associated with fitting an 


Mememential curve to the measured odsarings. Tne formula 


Zi 
relating the variance of the mean bearings (Ott sane sine 


tae 
Memerance of a single observation (0) is: 


Zz yon aeKs 
Or Vy ie [ = 
te 
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where T is the time interval over which the bearings were 
averazed. Bain reported that for (T= 8.56 (corresponding to 


Mersideratle bearing frluctueation), the variance was reduzed 
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Memeoertactor of 192 in i2 secends. The 12 seccend durat;i 
Mealy corresponds in order of magnitude to tne recifrocal 


of an average fade rate. 


Mero ARY OF THEORETICAL CONSIDERATIONS 


Mire narrow averture EFDF antenna 1s physicelly limited to 
time averaging operation against sxywave sisnals. In tne case 
of ideal ionospheric pronagation, the antenna system can 
Memrorm within equipment and site Lliinitations. If tne site 
Grrers are <«nOwn, the equinvment and arrav calibrated and 


Mere is a sood SNR, averaze tearing errers cf 4.5 to 1 


Meeree and variance of 5 degrees saquared snould be vossitle. 
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ieee en Oe, G.D 4 tlre 
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Mmeemultivetn Xropagation exists with fa 
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Meetasing over at least ten seconds with sampling at about 
Mme per seconc snoula reduce nost of the variance due to tie 
momelexe interrerence patterns. 
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Deemer ft iculty ~or dbtdining accurate HrD® against skert 
M@raetion signals using a narrow avertwure array is 
Memsiaerable. In the case of multipatn interference in which 
Meeereast two rays are comparable in amplitude. tne Or error 
Mmmemesnort duration Signal with only one sample bearing sould 
be up to ninety degrees. Tnis is the extreme of bearinzs error 
Gue to m»mnase and amnlitude front distortion. In a more 
MesDitatle multipath environment the system nerrormance 
Seowlad be much better. but there is little exnverimental 


Syiacence by which cne can assign typical tearing errors ard 


Memepances. Tne analvsis c* tne na 


3 


mene roel Ut 
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antenna sysver 
Memcne <:Ollovwirs sections provides verfornance data on an 


~ 


SeeOerimental. state or tne art system. 
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A. INTHCDUCTION 


ae Slectromagnetics Divo rodeo. SOULtwSst wesearci 
Mmeoute ‘S%R1}, located in San Antonio. 
Mepmeonjed and tested a naw design for a nerrow anerture Afds 
antenna system t90 onerate against bhotnh ground wave ane 


Saywave siaznals. Tne significance of this new cesigsn is tnaat 


Mors 2a Nast mountable narrow aperture antenna tnat is a 
Memeo odrray. There are no movins parts; tnerefore, it is 


mee! for t2ze shipboard environ ~snt. Tne elenents of the 
emeay are sivt vle locns and svaced loops. Tne latter will be 
meow 19 reve polarization indevendernt qualities anc, 
Meee ore, to be ideal for eryploiting sxvwaves. The array ana 
Mee associatezt instrumentation of the system are 1rler sneei 
Meemcomputer controllable. 

mae Drimary refe-ence for tne anelysis that follows is an 


in-house report pared hy the syvster arcnitects [Kef. a:. 


' 


pre 
The system nerein described has been patented. The autaor oa? 
this tnesis has visited the San Antonio site ani nas operated 


temo? DY system wit the assistance of tke SWRI personnel. 





io unaerstand tne oneretion or the snaced loon array one 
Meer review the theory of the simole loop. The figure on the 


Meme dese cenicts a simole loop set ir a ccordinate system 
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feeeean incoming sieneal ray (# field components lateled av 
Meee on). Tie anzle oni (6) is the azinuta measured in tae XY 
Meee Of the incoming ray. The plane of tne loop is alizned 
lane. The incidence anzle tneta (6 is meesured 
Meecn] Diane tefinel ty tne Z axis and tne Siernal ray. The 


msopeeG@onct@ered £0 heave a vertical and horizoztal 
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mectric field component (fv and 2h). The expression 


Meet vyoltase (sinusoidal input. tine variaticr suppressed: 


tv: relative amplitude o2 the vertical component 
Fo: relative arplitude of the horizental componert 


2) abi blamial 


Oo & 


ge le of trejidence 
On: phase of horizontal component relative te tae 
vertical component 


mom Simple loop output voltase 


Meet respect to skvwave signals. tae significance of equation 
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Mears that it is polarization dependent. FFF systens 


memeralivy ~relv on isclating 2a null in the array pettern that 
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mmeepe related to the azimuth of tne inceming sienal. 
Meee used should onlv be a functior of the tarset’s bearing. 
Mm@ersimvie loon works well with sround waves for wnicn case 
mea iS equal to 23 degrees. When theta is Od desrees 
Meemepsor {1’ reduces to a function af only one spatial 
Memmecie, Onl, whicn is the desired ovdearing. 


Momepease in this case 15: 
Vl = -Sv’ cos® 
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Meee simple loon does not trunction ee Cota Ly a 
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Beerwares. in the case ofr skywaves the loot veltage is 2 
Mme on of the two spatial variables, theta and phi. and trea 
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Memmepi ve Dnase. “ne nulls created by these three 
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Pen oO) Numerous and the avyallable neasurements too s 


re 
fs 
x4 
(fn 
D 
ct 
O 


Pesolve all the ambizuities. 
Memeo Wyle? to tne polarization denenderce limitation cr 


Meemsi7Dle locp is to cembine two sinple loons into a2 two 


rh 


Meeement interferometer as illustrated in figure 2. The loons 


Meeemcornected in parallel with onvesinze phase. Tae outnut 
femeeeie 86: 6EA1S array. Known as coaxial snacec loons, can be 
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Meperrined by vattern multipvlicetion 
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Memes pacea locp array is equal te tne vrodrvct of tne 2 zroro 


Memes 6ecne6h6C6Uthe6P@le@rent©6)|6pattern. The e-oup pattern cf tre 
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Erbe mimes 5 


Coaxial Spaced Loops and Coordinate System 
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Peoray 1S: 


Ma= 3 & a SIN( @)SIN(Q) 
meee separetion cf the twe loops 
B: 2TIAn 


A: signel wavelenesti 
New let: 


ay eee 


Th = iFn’ 4/2 


Rumer ats the Svaced Loop Output voltese to te written as: 
: = - 2 ek oe 
Ya = -Ey SIV@SIN 260+ FR(SIN 20SIN@)erp/ jon) (2) 
Mees ieniticance of esuation (2) is the existence ae 


Meme zaticn indevendent nulls. Tne aAutput viltage euvals 
Mememwoenever the azimuth anazle equels ¢ cr ife desrees. he 
Me .aence angle, wie "“Clative ohase ani tne relative 
Meee ondes or the electric field conmnonents ado not arfect 


Moese nulls. Peto metee OC Pte nLe rt aeremeter strrceture taat 
M@ese nulls exist; they are therefore called interfercneter 


Rue G1 SLINSuU1S2 tiem from tne simale loov anrlls. fieure 


Memeearen 6S rorm6hCUreference 11, sranhicallr Gisplays t1e 
meer zaticn independent nvlls fr different conditions cf 
Meerdence and polarization. 

Mepetion (2' is an ernression for a fixed orientation . 
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Mee spaced 190 array in tne coordinate system. T9 make the 


is TAL COdcea 17S 
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Meeepatlon arfitrary tne variable eln! 


me). 


VaX = -Evy SIN SIN2(Q- MK) + Bh SIN2OSiN (@- A eG 


Meee —eris to be wvwritten es stowr ir (2). This will later 
Mow equation (2) to exrress the output voltages cf more 
mien One pair of spaced loors set at different ansles in the 


Meerdinate systen. 


By definins: 
C = Ey SIN®O 
A@ = Ba SIN(2@ yexrnis Qn! 1/2 
Me = -C SIN 20 - av cc3 20 
R2 = -A42 SIN 20 + ¢ COS 260 


Meat: on (3) can te written as: 


Cw + 
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Vax = Ad + A2 COS Se (4) 
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Meer Orm nermits a Fourier series intervretation cf tae 


meacea 1900p output voltaze: 


mem= GC term of the output vo 
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Meemmama #2 are coefficients of tne secord harmonic 


Reece it icance o: (4!) 5 that for e vixed velve c? 
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Meee, aZirutn and elevatior, tae spaced loop veltaze as a 
Mmeco1on of relative azimuth is lirited to a sécond narmonic 
Meee Teliative azirvth. The application or tne Nyquist 
ME Criterion ~eveagls inat the voltage fatter can te 
Mumma ec Py four sample values. “herefore. a spinnin; 
mepeen)6« 6CUd14D9D)6CU Gen €6re Synthesized by a rinimum of four samples 


Meee ecUudally spaced tnrougnh 3352 desrees of azirutn. 


The solution for the tearing (the azimutn angle 


G@erived from equation (+) and the definitions given atove for 


) 


ume. AC and B82. F¥ algetcraic maninulation it is determined 


Meese and 32 will be strewn to be measureacle cuantities. ¢ 
is deterninee Pr or eqration (5) above. sin = eee 


Memetvionsnins, 


meeed = -{ 1/( ¢C + Ad 3) EF (0) (a2) + (Ad) (22) | (5: 
Meme ® = -{ 1/{ C + as ji} [ (asi(aZz) - (C152) | Px 
Meee) etermine the azimuth, phi. by 
Mee. 5° APCTAN { SIN 2@ / 005 20 ) + 2-162 n=2,1 (5 


ray 


mmeerent in eduation (4) ana made obvious in equaticn <% 
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Meee tour null ambifuities. There are twc nulls 182 degrees 


’ 


Muemmeetodt Can be attributed to tre simple loops and two 


Mees 1&9 degrees apart that are tne interferometer rulls. 


Me@emotnl analysis shows that by aiding tne simple Ilnaco 
Meets, into )6the)6acnalysisSc. tne simple loon nulls can te 
Metermined and then discarded. 387 coOmnarina the snaced loop 
meee «86th the simple locp output. the scnrvect interferometer 


mull which represents the desiret bearirre san be identifie 


s 
JY 


‘4 


be 
b 


eee ee oe nSede ihe ideas iney developed above 


. 


iO Memon @ ~tixed  snaced 109 array. ne undesiraocle 
pechanical feature of the rotating snaced loop vas eliminated 
Mees ine tour svaced loons fixed in an array to synthesize 


rotation as shown telow. 


x 
a 
6 _ 9 a __° 
a 45 o eS 
© ° 6 2 
184 225 Ath eS) 


stvaced loop array Zgecmetry 
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Meemeeyeycuist criterion requires @ minimum of four samples toa 
Bempmesiz2 equation (4). This could reliably be accomplished 
Memeeree Odairs of snaced loops, but t2 vrovide for acditional 
Seem orlity in tne »yresence of noise, a four nair spaced loep 
array was constructed. 

Meoumire tae orientaticn siven in the diagram atove, one 


Memeecevermine AG, AS and B2 in terms of tne individual spaced 


(eens. osclvin2 


fee AZ + 82 COS 2X + Be SIN 2K 


etoma vielas. 


- 
i 
ct 
(nN 
a> 
= 
Wy 
>) 
tty 


w= 3 Vave=i eke 

0 = 45 Vato 7 + 32 
oa = C¢ Yao? = AQ - A2 
me 125 ae oe ne) ee 


Meter e Va’. Yatd, Vao@ and Vals5S are the phasors of tne spaced 


memos in the array sncwn above. 


mereeorovides four equations to solve for three unknowns. Care 


Memeves . CT A@. A2 and B2 by toe followins equations, 


.t> 
cS 
| 


ie) (Va? + Yaa5 ae Vaca ate ¥a1iZ5 : 


fee $9.5) (Va2 - Vaoa) 


txt 
OO 
i 


(2.5) (Va45 - Vale 


Ol 


Arter AZ, 42 and B2 ave determined from the phasor eyuetions 
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meee, they are supstituted into equations (5) and (7; which 
Mme are sec to solve equation (8) for tne torr possi 
bearings. 

Mumter | alszeoPeme and trisomo metric enelysis cetailed in 
Meerence (9] shows that the simple lsc>d nulls can bce 


determired ov. 
CO = arctan ( Vu¢/-VLO@ ) = db ~ AICTAN ( C/az) 


wnere VL2 ance VLE@Q are the onasors of the two simple leco 


Beirs. 


Mmeemune Simple loov nulls are <«nown. tae sign or C ir 


Jy 


Bometion (5) can be determined. This in turn leads to tne 


Mdamdieuous selecticn of tne prover interferometer null. 
f= ARCTAN ( Y1/¥2 ) 
woere, 


feee= (j/(-as - C )} [(C)(VLSd) - (Ad) (VLE) | 


Ni 
es 

l 
a 
GS: 

vr 

{ 

cD 


ee 


It was noted above that four eguetions are available te 
solve Tele three ieee Qemmeoen-1cvents., fhe additional 


Mirormation permits two separate solutions fo tne AY tern. 


Ho 
ou 





ie vat = Yaoue 


a = 
SX 
cad 
li 
ms 


mee, = (7725: ( Ya45 + Vaiss ) 


Memes ference between these two 44 terns snovld iceallv be 


3 
Q 
© 
s 
Wn 
t- 
mn 
ay 
i 
a 
“4 


meme it the ditference is rot zero there is an i: 


ntze Tomcakired to] 44 tern 


— 
(D 


feroain the svstem. This diffe 
Ieeause it corresponds exactly with the coefficient of thre 
Meme | Nerronic or 4 Fourier series exvansio1 or tae snacec 
Meee oattern in azimuth. fhe At tern is therefore an 


Memenlbant Daramneter in determining odearinag quality. 


Bees .o lt eM DYSITN AND INSTRUMENTATION 


Meemeatrey Of spaced loops and simple locyos suiteole fer 


4 


Meeeeemounting shown in fieure & vas built by SswkIil. There ere 
mememeeairs Of spaced loops in the lower bay. Zacn pair 
memes ts Of 42% inch high by 24 ineh wide sirple Ilanvus 
mere d PY 69 incnes. “he output of tnese diametrically 
Beesite loops are connected in parallel oppositior. 
meee 10 7ps in the upper bay are used to resolve ambiguities 


In tne btearin2 algorithm. Tnese diaretrically opposite simple 


190ps are cornected in parallel assistance. The reference 


= 


Meememad 15 Synthesized by quadrature addition of tne sirple 
mocps. 


Pollock diazrar of the equinment suite is drawn in figure 
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Figure 8 
Coaxial Spaced Loop Mast-Mountable Array 
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Figure 9 
Block Diagram of SWRI Spaced Loop Antenna 
System Instrumentation 
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Merge AY sequencer is a computer controlled switcn that is 
mecessery to provide nigh speed switching of the ditferent 


elements of tne array. A dual channel receiver is used ta 


(D 


Mmmerce a receiver channel for tne reference siznal and 4 
meemmel tor tne loop voltazes. Tne precetected cutdut of bota 


Meee lis Of tne receiver is monitored Ov a vonasenmeter tne 


tal measurement of tae viase af tie entenn 


an) 


ih 


t+ 


meovides a diz 
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Seeements with respect to the reference. The detectors are a2 


c 


Meee O-. ovecision peax detectors. The detector outout is 


ic Onvonrter.. Vne 


cr 


Sarried and digitized bv tne analog to digi 
Memeeta) Gata is routed te a minicomputer for processing. nacn 
Meera reme is approximately 24 ns in duration. Tne cata frane 
Memor1sts Of tne six compler numoers representinz tne six 
Mme 8 60onasors) ‘Vat, Ya45, Vao2. Yai@5, VL2 and Vise. Net 
pemeeo: tone data frames are acceptable. Tne vyclitege values 
Meee «CGE CUWwWilthhin the linea vranse or tne detectcr and receiver 
SeemcGuits. :he acceptable data frames are tae input to tae 
@algoritnms that deternrine the bearings anc resolve the 


ambiguities. 





meeparA FILES 


moe S¥Pl eguipment suite 1S arraneed so that data measured 
Meee tae spaced 109D antenna instrumentation is stored on 
ememec:c 41Sk. This permits the DY operator to postprocess 
Hoe data using statistical tecnniques to cerive amore 
accurate tearing. Also available is the capability of mass 
StOrase cn magnetic tane. It was on magnetic tape taat sal 
Seeomaed the Naval Postsradvate stno3l with niae files ° 
Memeo” «6197S and four files ir 195¢@. The 1979 data consists 


Haste oer 


i" 


Smee tCllcowing files. The test source was 4 tran 
Mmeed Close to tne array to previde a -sround wave iv 


Meremoximnately tne same direction as WV. 


File Number Frequency source ime Date 
(Miz ) coe) 
1 1g Way ieee Li lay 
Z 23 WW Pe Loe 
= 15 ayy Or Z/ Oy Ge 
a 5 ww £E 273 2 Ves 
é 5 WAY Boras 2/14/79 
e Dye Test 
@ ioe | Test 
& Pon. t Test 
9 20.91 Test 


4.17 





[re 1922 files are as follows: 


File Number Frequency So2mrs e Time date 
(Miz ) cco es) 
Meee Sl AOE SP 5/se 
laste 14 Why V O7 342 eae 
ee i Par CO:22 ee 
13 eGo ZL Cen ® 2/7 /&¢ 


Mmmemeenown tnat f©ile 17 is a low sN2 data set. Files 11 are 


Memmmeo fata sets with SNR “s in excess af 24 465. 


B. WAVY AND «LC 


mey 6is|6GCUanl6h6Uilde@al6target6|6fe@scause) €6it)6h 6dislh6lh6a@n 6UOamplituie 


Mememmeated signal with no carrier suppression. for the 
meyority Of the Homme CAorMevionmeacuty. cycle, tae 


meeormation modulated on the carrier is sinnle 423, S323 and 
Mummeee LONeES; ticks; and occassional voice aitnouncements. The 
Memeeesisnal is stable to +/—- two varts in (1:; . and it is 
Memmmrabie€ cn 5, 19, 15 and ¢c@ MHz for 22 198Uurs a day. 
mre iS transmitted fror, Boulder, Colorado, which is 


Meeeerapnicaliy fixed at 43.8 N and 1425.1 Ww. The true tearinre 


-—~ 


Mee ereet circle arc passing througn San Antonio. Texas, 


and Boulder is 356.7 degrees, and the lenzth of tne arc is 


meteeiS 2 manuel morse snhip-to-sarre station treansmittirv: 
Mmeomec Dlatform in the Gulf of Mexico. This sienal was cnooser 
as 42 tarset because of the on-off xevine (004) modulation and 


4.€ 





Memetse its reletively short distance from San A&Artonic 
results in a sxywave with a high angle of errival at tne swell 
antennae array. The COK modulation is important cecause it is 
Mummy orive mode of tactical communications; it is trier and 
Memrabple. Tne trve bearing from 35an Antonio to ¥LC is #8 $ 


eperees and tne distance is $5742 <r. 


meer file consists of 12,820 reccrds. #Hacn recori consists 
Meone AY. nnase, A4 and tearing terms calculated from frames 
Memcata (six voltage phasors) wnich were generated every 22 


Sewers e AG in tne date is a normalized version or tne A323 


(D 


1 


Memeeeinec in the previous secticn. In that section, 
Me (27.5 20(51N2 6 )exp(iOa) 


Me@eeeadata 1 the tane is Ad normalized by the factor EvsI\ 


e 


more n vields: 
AQ@n = [ Eh/Ey ] COSO exp(iOn? 


Meemoris 2 complex numter of whicn only tre magnituce is user. 
Meeeiurther references to A@ in tne data and analysis section 


eee tne masnitude of the normalized value: 


A@ = [ Eh/Ev ] cose 


> 
Ww 





Mees nould te noted nere tnat the AS term is a measure of tae 


‘3 


in 


ea hee 


1 
t= 
He 
i 
Wn 


mee «CCC Azortal pelarization present. 
meee sy, the "atio “h/fv will tend tec maxke AG a2 aumber 
Seeman One. If whe angle from the perpendicular, tneta. 


Meecree. there is a greater effective avray aperture in the 


t~ 
Nn 


Meee Of iv, and A is sraller. If Ad Paes ee uae 
Memrzontal component is dominant. I* Aad is small. the 
Mertical component dominates. 

Mme second term of the record is tne nnase. It is tnz2¢e 
Meese Of the ‘orizontal electric field relative to the 
Memeo d! coNponent of tne field. It is a calculated valve 
Memweer -1°7 and +182 degrees. If this vhase angle is a 
Memmorpant z7zerc. tne volarizetion is linear. [f it is a nonzere 


mie 


Memstart, the pelarization is ellinvntical. “ne phase value is 


Meeecaliy noted to vary randomly within a limited range dover 


> —te 


Semmpec ime ourations. Crver duraticis 22° several minutes, L 


Meee Varv over the entire -18¢d to +124 degree range aue to 
Meee Ss in #2 and Ev vath lensths and multimode interrerence. 


Meee Cnird term in arecord is tne amplitude of the A¢é terr, 


Whicn was discussed in the previous secticn. It is a measure 


Meee §=€6inconsistency witain the spaced loon EFDF system. It 
Members? part due to noise, but it can alse be te a 


Mmimmted dezree eae measure of circuit imbalance. mneasuremne: 


meer, Component failure, software failur eng site. error 
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Meera lue is teat i+ is 2 measure of performance; atowever. it 


«= 


a2 





Meme 2a system diafnostic tool. 
Meer Ouriy member cr tae record is tae calculated bearing. 
[mers a7 integer vaive from 2? to 35 degrees. for the sav 


Mmmeoetnis Bearings 1s tne system Ss estimate of tre angle cf 


Meumeeyra! Of the signal] wavefront which should not varv far 


ty 


Mee ine Value 836.7 degrees. “or ALG the true bearine is 


229.9 degrees. 


a 


Men OSPHaR{C DATA 


Memon csDneric soundina inforntatior was availeble for tne 


Mee vpericacas durinz which tne data was recorded. stowever. 


provefsfation in 


ormation was orovided by toe Naval Ccean 


rt, 


System Center (NOSC’. Using the «cnown sun spot number for tne 


fu 
+ 
ct 


Mumeeeccorein2= cates, tnev emploved a computer Sropazaticn 
Memeo tion pregsram known as PROPH®? to ovroviace ray trace 
dia 


Pee A iS “_ e 
ave four Line of 


vA) 
= @ 


eeeors: MU. LUB and Dower preciction 


ry 


pas 
iD 
ot 
(D 


Meering variance curves. Tis @a represents a good estimate 
Ome Propagation conditons between B8c0ulder and San antonio for 
Meemecimes of interest. Examples of the ovrosram cutprt 
Meeemrcec «4bv =NOSC are reviewed in Appendix C. Using tne NCSC 
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Meee Oropezation information for the 14V¥ files is tabvilatec 


tx] 


hes 


me TABL 





J 
ie 
tus 
i 
ray 
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au 
o 
fu 


Se mares  LONOsoU2eric 1 


Babe Freq Time Date Variance MUr Lue Lonospneric 


+ faz CMT ezrees weZzeeoe2 «lode 
squared Eeeci cic 2 
i meee 14762 2/13/79 1 17 2.5 probable nultimode 


Lino RO OS 


a Bee iett5s 2/16/79 1 22 5 possible multimode 
eo. 
5 mer 1£:59 2/13/79 1 22 5 Weenie or oca pie 


Pieeemece 140. aeons 


4 5 og 2! lao S ie 2 MOSS ble “MLL ito¢e 
EOtma gi | Chee. = 7-2 OS 

3 Mey 3S? 2/14/79 1 Ze 5 prooceble sinsle 
OS 

12 5 Bee) 2/4/90 oe i2 2 possible rultimede 
eo. 2oOns 

te me 13:22 2/5/52 Ss a 2 probable multimode 


(eruema lor 1,2 nops 


ee meme 17:94 2/5/20 it 


NO 
Cr 
cy 


Single mode 





Pech ROLUCTION 


MCS OSs Of tnls anelvsis is 0 eram tne capacility of 


geno?! Spaced loov {2Dr antenna svstem to a2etermine tne 
MummmemO: arrival of a skort duration signal. & sreort auration 


Meee 1S:)6CCOmMSidered to be from i174 to 14dd 7s in duration. 
Memon rmocortant to note tnat this is not a gereral aralysis 


ystem, tne bearing @.4 


Beeeone iverrormance of the antenna § 


ome tee oS FT -COCeSs ne als2oritoms develones 


cr 


Sense alsori 
Meer. «6C6CUicdGlCUCUCGSlhCUCALSOUUdimpoOrtant)6)«6©f006Urecognize tnat syster 


Mueeeoore’t is not comolete. out is the subject of on-goia.; 


$ 


Meear cn. ine data vroviced to this investizator was provided 


‘oJ 


eee ce S7¥Stenm Confidcuration not odtimized for short duration 
meets Or fer some of the tarzet frecuencies recordec. 
Meese «tne surject of tnis analysis is snort duration 
S4ywave siegnals, the Followins analysis taxes eae 
Memmorceretion the need te make maxinur use of tne avéeiletle 
Memeo nereas SUFI algoritrms stress a beérinzg sélectin 
MeorcesS tnat eliminates a lar 


Mummers LC enience tne reliability ef tne estirtetec teerinc. 


Meee CC Oy Culy 17 dete frames and thet sone compromise 


Meme tiadilit? must be nade. Tne tern reliability ir tais 








Memes Used 42S a Measure of Confidence in tne validity -f 
Meeeedata. If one associates a standard deviation of 32 
Meerees with a cata record and 2a degrees witn &@ seconac date 
Pecora, tne latter would te considerec mere reliadsle. 


Me analvsis first concentrated cn Examining the data 


a 
im 
vu 


ba 
2 


a 
a 


ctr 
ry 
5 
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Mepmarily by filtering or the At term, tne nd 


+4 


a] 
~- 


() 
}- 
ay 
Ci, 
t 
3 


Moen inconsistency. If the Ai terr is small. the be 
m@eperecord snould be corsidered more reliable tnan @ tearine 


7 


associated with a hign At value. Using PS mac” 


tL) 


FCRTRAN program called DFGRP (DF EFPRor) was developed ito 
Beemmime cach file and report the averaze cearing error. 
Standard deviation or bearing error and tw Otner statistics 
Memeo rt duration signals with resnect to tne Ai term. A full 
Memeo siOn Of the prozram is deteiled in the next section. It 
Memc1sccvered trat tne At ter is a vserul narameter for 
Meeeeemining oearinag reliability in tne majority of cases. 
Meeever, woen the 44 threshold is set to only allow tne data 


Pecord with A4 approaching close te zero (tne tneoretical 


pit 


Meee), there is not a large probatility of determining 
Meering On a short curation sisnal. In an attemnt to improve 
Mummmeee|6 SOLE use Or tne 24 term as a reliabvilty indicator, a 
Meeeaoi!istic likelihcod ratio matrix rased on ell of the 
availatle signal parameters was employed in the analysis. 


Meares Of this approach ere in the section titled ite 


memeelinood MATrix). 





peo boser eCxamineineation was mace of tne protien of beari:s 


Mmgetenity. the technique emploved in tnis potion of tae 


Mmpeeysis 15 siven in the section titled AMSIGUITY RESOLUTION. 
Tnis aralvsis fives some useful insight into nossictle 


Meeeeculties within the antenna systen that mev prove to te 


meermmost trectaocle. 


{xs 
=p) 
to 4 
t=] 
‘J 
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The DUG DOSe 62 stais @naivsiS was to determine naw 
mermretely a DF tearine could be calculatei from the gsiven 
Mere, Tn= data consists of 234 seconds of WHY cer file {ore 
Memeo: 6840). To study short duretion signals it is only 
Meeessary to consider the 222 secords of data tote a 


Mem e7u0vUsS concatenation of snort duration signals. 


Meee 60records in e®ach tile contain tne date for tae 2g ms 


Metplinge »veriods; therefore, inteze Peet eke S. OL” ore Cores 
Merresvond to different sisral durations. To exarine system 


MeeeeormMance azainst a 2é¥ 1S signal. one need only examine a 
meen 1f records at a time. A 292 second file nev de theusnt 
Mere CONteinine 17245 signals of 2324 ms duration. Similarly. 
Meme Siznal duration of 1 second, 53 records may be used to 


Syvnthnesize the signal, and tne fi 


—s 
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Signals. 


A FORTRAN program namec DFERR was written to examine tne 
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Meme t11i25 based on the aodove concent. fne prozram wes 
Memepened to examine signal durations from 26 ms to 2¢2 
Meeonas; nevever. it was used for tnis analysis in two 


es. iy ms Ce CmeETGe Trea merremerts of 177 ms and 1 


ce Tt} 


M2 


Meera CO 14 seconds in increments of 1 second. 

Moe eseneral nurnose of ODFSPF is to exéemine system 
Mmeeeormence aS two parameters are varied. The first parameter 
Meeotete! curation; the second is the &A+ term. Tne A4 terr, 
Mmeeied in section [II. is the measure of incensistency 
Mmeegen tne vr svstem. If tne At terr is large. tne bearires 
Meme in arv-ecord is not considered reliable. if «a4 is 
SMall.more confidence is placed in the tearing. The relative 
Meoetiptors large and small have vet to be evalnated. In 
meer tO eC@valuate the pertinent range of A4t values. the a4 
threshold (A4MA%) is varied between a small value. 3.1, and a 
Mmeree Value. 1.9, in increments of 2.1. 

Meeetne value of A4 in a record is ecuel to or less tren 
Mememeevaluc cf A4MAXY set in the vrogram, tne beerings is 
Mmemoae ered actevtadle anc used in Turtner Sire hic ce | 
MeeeesSines. I[f tne value ofr A+ is above tne limit, tze 
Meerine or tnat reccre is discarded. 

Meee xDianation of frrtner OFERR nroecessinze is pest 
Mee ved «using an exemple. Suvpose tnat the followine 


records are oeing processed. 


kecord # A% Phase A4 Pear ae 


(dez) des? 
eo, Cee —47 ele 2 oO7 
eo Co = Ceo O46 
oc eee -55 2.115 b65 
Soc Cees i 2¢ 2.4136 Z5¢ 
504 ie eaeyl ee Bee Boo 
wee > 548 


SoD Va ae 


e 
e 
° 
e 
e 


mS are te ee eK 


$}-— 
Ss 
SQ 


Mmemeyaluve for tne sisnal curation is 


eres Saget aicteee oe" arevexamined as 


D 


meme is ¢.2; therefore, r 
Meee tine 2 signal of 10¢ ms duration. Record 3535 is 
Memeaciately rejected tecause the value of £4 15 greater tnan 
meen, The remainine four records are salled 44 admissible 
meoere used to determine a t®aring mean ani staniard 


Mempeeenion: (The mean and staniard deviation formulas used in 


bx 
t<J 


~ 7 
ee 


RE are derivei in Anvendixy A.) 


MEAN = 332 dee STD = 44 deg 


Meee Statistics are vsed t9 form a window centered at 29 
dezrees extendine 44 degrees on eitner side of tne mean. The 
B@ admissitle bearings must pass through this window for 


Memener consideration. Pecord number 354 is not windcy 
Memssitlie ard is discarded. Tne remairines tnree records. 
Meme ootr At ani window admissible, are used to cortute 4 


Second mean ani standarvi deviaticn: 
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[emeemean is DFSRR°s best estimate cf the odearinz fer tais 


Biccomes scactnrousa o54-. 


one 1402 ms signal 

Meas repo"ted bearings is corparel with the trues pearin;,.. 
Mueeges. anc t76 bearing error is tompuied as 365-837=-2 des. 
Mert icrally, the valid sienal counter is augmented bv one. 
Mme nurbcer of valid signals will be used later to determirze 


mmemprotebility of obtaining a btearine (Pr0:). 


Peep nere ar2= less tnan three At sedmissicle recoris or less 


meme two window admissitle records in a given Slpeages ol 
duration, the Signal is sonsiaered La vaso. (oleae FO 


Meee cient gata and is counted in an invalid sigzal 
memmver. to avoid the loss of reliable data in tne case of a 
eer standard deviation of the A4 admissible tbearinsas, the 
Semeening window iS 19t permitted to te narrower tnan lez 
desrees. 

The D#zPR vrogsram processes ten separate signal duréticns 
ume mn )6lfierent A4MAX settinas. Prosram output consists cf 
tour tables on séparate vages. HKacn taple is a ten ody ten 
Matriy: the rows corresvond to tne aA4MAX vlaues and tne 
Meerurns correspond to the signal duraticr. see tables Il 
mmeeneh VY. The first table {table II) is the averace bearinz 
SOeror. fhis is the average of all the separate means 
Mmeporved. in the example atnve for 198 ms, the rean 3355 weuld 
Memeone of 2 maximum possible 2222 values that wovld de 


@veresed and taen reported in tne row s4MAX=¢.2 and the 


cn 
OD 





column signal duration eauals 104 ms. 

The second table (table III) is the standard deviation of 
mmemepedring errors reported in the first table. for tne 1¢2 
Semeesienal duration category the standard deviaticn would re 
of a maxirum possible 23489 mean valnes (the actual sample 
meme is eazal to the number of valid signals}. As tne sizsnal 


™ 
od 
~ 


oO 


| 


duration increases, the sample size decreases. Pia comeeetew 


memeecolumn, tne maximum possible number of signals is 224. If 
medium duration siznals are examined with 3Ya2R, one must te 
Meee ntive to tne sample size. For a 18 second duration siagnal 
Sepesory, the sample size has diminished to twenty. Yor 1¢¢ 
Second signal durations, there are onlv two samples and tne 
validity of a standard deviation is nighlv questionable. 

Mme third table of outnut (table I7) is tne average 
Mere -signal standard deviation. This is the averase of tage 
Mmeanderd deviations revorted for individuel signals. In the 


(i= ee Orda ee  ~ONe Of a fax imum 


CP) 


yrevious erample, tne 
possible cc¢@? standard deviations to be averazed. If tae 
Meerese intra-signal standard deviation were equal to four, 
Meemeinterpretation would be that for all signals of 149 rs 
€uraticn, after tne unreliable bearings are discarded. the 
Meemectvec Stencard deviaticn of tne remairing cluster of 
Meeringes 1s four dezrees. The tern intra-sieanal is usec te 
Meeeeinegvisn it from the standard deviation of bearing errors. 


Meee tourta table (table V¥) is the compilation of valid 
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Meals tor each of the A4tMAX and siznal duration categories. 
mrs is an important statistic needed to compute the 
Memereility of obtaining a bearing. In the case of the 1d rs 
Slganal duration, 2240 are nvossitle. if A&MAXK=v¥.2 and l2va 
meenals are valid, the POB for 1462 ms 1s equal to the ratio 
Memeevyalic signals to vossible signals. In this case, POS=9.c. 
Meeeeneral, as either A4MAX or tne signal duration increases. 
Dae number of valid signals approaches the number of possibie 
Meals. For A4MAX abcve 4.4 or tne signal duration above one 
second. the POR is approximatelv one. 

Miearh was used to process ell of the files. including tre 
Meee modulated KLC signal. The ¢LC file required a slixgntly 
Mmeayr1ied versicn of DFFRR because eacn record of data was 
Searched for a flag that indicates tnat the signal is indeed 
present. Search was also mate for flags that indicate tnat 
meee system is saturated. KLC is corsidered a file of signals 
Separated by noise. It is not a continuovs signal like the 
Mee Signal; in fact, the dutv cysle is less than twenty-five 
percent. 

The tabular output produced by DFSRR can be considered a 
meena ijilevel data base. To simolify follow-on discussions, 
Meeestatistics in the DFERN outout will be referred to as tne 
“FOUR statistics. Fxamination of the DFERR ¢ata base 
Meee ec )6€6U6tnat€6«€6the)6FOUR Statistics are @ strong function of 


the A4 term. As the A4 term increases. cecrresponding to tzae 





mmeentence of more inconsistent data, the standard deviation. 
intra-sizgnal standard deviation and numter of valid signals 
increases. 3ased on the large standard deviations recorded 
above A4=@.4 and the insignificant increase in PCE above 
A4=2.4, tne range of interest was restricted to A¢ values in 
moere.1 to 4.4 region. Even with this restriction. tne amount 
Meee data is tco large to present in this report; however. it 
mmoulc be noted that the chanzes in the FOUR statistics ere 
Mmemedlly nonotonic as A4 varies. [he data presented nerein 
is for A4MAX=@.2 and A4MAX=C€.4. The best verrormance 
Sepegory. A4MAX=¢.1., is not presented because of its low PCS 
and because it is not significantly different from A4MAx=2.2 
The tabular data of DFERR does not permit easy visnel 
Memeeenptvion or the characteristics of tne FOUR statistics. A 
Dlot program was written to display the data. Tne fiaures at 
miemeend of this section are of tne wwV¥ 5.12 and 24 Miz files 
of 1979 (Fig. 10-24) and 1988 (Fig. 25-34). For eaca 
Mmeeauvency there are five sraphs. In eacn set of five, tne 
Merst tvyo and the last are the most impcertant as taev are 
Semeerned with the short duration signals. Tne second two 
meapis are for signal durations of one to ten seconds. They 
Meee included to illustrate how the FOUR statistics tend to 
reach steady state values. The fifth graph is tne histogram 
Meetie pearing errors for A4MAX=9.2 and signal duration ecual 


fmomeeceo «ms. «Annotated in the upner riezht hand cerner of all 
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the computer drewn graphs are the average obdearing (3. 
standard deviation (+) and average dearing errecr (7) for the 
empire file po~trayed by the eraph. These are tne statistics 
mere a Signal duration of 290 seconds sudject to tne A4MAX 
constraint labelled on the graph. [f one assumes tnat the 
mame angle of arrival was fixed. that no multipath existed 
and that there was no slow term variance due to tne 
Memosohnere. the curves plotted should converge to tne eed 
Meeeid average tearing error. Botn the standard deviation and 
the average intra-signal standard deviation sncould conver;ze 
momune 2062 second standard deviation. The POS should converge 
tO one. However, the PROPHET program graphs show that in many 
Mees ther= probably existed multimode conditions (actual 
amount of interference unknown) and that. in all cases. 
Mmenpyineg degrees of variance existed due to polarization 
mene and interference. Despite this difficulty. the 2¢@ 
second Sag Sb cs Can be considered an approximate 
Semvergence point. 

The first curve (X) of each granh is the averaze bearing 
error. This is the difference between the calculated tearing 


Meomone true zeographic bearing to the signel transmitter 


( 


CN 


S7 or ¢9@). The most prominent feature of all the average 
Mearins error curves is that tney are not a strong function 
of Signal GUeawvOUs this PCoild have been anticipated 


realizing tnat the average of the majority of small subsets 
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of a large set will closely approximate the average of tne 


meee Set. in this respect the average bearing error as a 


b> 


Mmemec1on Of Signal duration is not particularly useful. 
much more significant view of the average bearing error is a 
mestosTram of the bearing errors from each valid signal. A 
histogram for A&MAX=¢.2 and a signal duration equal to 2a¢ ms 
[me tie firta fSieure in eacn set of five a. 
me o,24,29,34). These histograms show that the distribution 
M@eeyune bearin@e errcr for mest of tne files is only rouegnly 
Meereximate to anormal distribution. Major deviations from 
maeenormal curve are the accumulation cf bearings in tne leu 
degree ambiguity region and the distributions wnere multimece 
Meoparation was Nnighly probable. The major difficulty wita 
the average bearing error data is the atsence of calibration 
Meta. tne amount of correctable bias error is unknown. 

The standard deviation curve (*) is toe most importart 
informaticn on the graphs. If a bearing is to te usec with 
[emer bearings to compute a fix, the standarc deviation is 
used to comoute the fix erea for a given probavility that the 
target will be within the fix area. The standard ceviation is 
eiso a measure of confidence in a single bearing. If the 
Bearing distritution is normal and the standard deviation is 
ec degrees, one can erpect that the bearing calculated is 
Within 2é degrees of the true bearing (assuming average 


bDearing=true bearing) about 537 percent of the time. Because 
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mee aistributions for the date files are orly rouezaly normal. 
mmmmert ication of the significance of the standard deviations 
Mmemepertinent. The following data are tne approximate 
percentages (within five percent) of bearings falling witnin 
the standard deviation of each file for a e2e¢e@ ms signal 


duration and A4MAK=4.2. 


File # Ss) 
de (hie 219 } 31.1 2a 
Bent hie, 24} 25.6 a5 
é oie 25 
4 (Fiz. 14) 1 5n Dee 
5 Cee oe 
16 (Fig.29) SoRGnn Go 
tetris. 64) Zoe SoS 
me (Fie. 55’ 16.2 32 
g 19O yo 3s 


fro data indicates that the distributions are denser tnan 
Paewnormel and that svstem performance is better than one, 
mamiaing in terms of a normal distribution. would believe. 
Memeexample, in file 11 (Fig. 34) the standard deviation is 
about 3@ degzrees, but 95 percent of tne data are within tne 
megaara deviation. The expression of standard deviation 
Meme t be separated from its distribution and still retain 
meaning. 

Observing the curves (Fig. 18-13, 15-18, ¢3-23, 25-26, 
56-32) the reader will note that the standard deviation is in 
almost all cases a monotonically decreasing function of 
etal duration. An interesting comparison is the standard 
deviation at 1246 ms (STD1) and at 19 seconds (STD2), again 


oS 





meio A4MAK=2 .2: 


_e ee eee en ae ad — = on oe woe oe wee ee ee wees ee eee 
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a ZO ee Live 
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These results are comparable to those renorted by Eain 
[Hef.€| and consistent in order of magnitude to the time 
required to average the fluctuating surraces of constant 
amplitude. 

mae third curve (.) is the average intra-siegnal standard 
Mevyvretion. It is typically a monervonieally imereasi 12 
Meron )6€6©6Omfd)6Ul Signal) 6oduvation from ide ans to 1¢ seconds. The 
fact that the intra-signal standard deviation is the smallest 
metoe ms indicates that the major factors affecting tne 
Mperance ere not rapidly fluctuatins, i.2. the period is 
larger than 182 ms. The intra-signal standard deviation at 
memes 15 small, four to eight degrees. except for file iz 
(Fig. 25-2&) which was recorded with a low SNR. In this case. 
a major source of variance was noise and its fluctuations 
were rapid. As the signal duration increases, the paenomene 
Causing the majority of the variance nave mcre effect within 
moc vVidual signals. 

The fourth category of data on the graphs is the 
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Mmmodvility or obtaining a line of bearing. The derivation of 
this number has previously been explained. Its usefulness is 
meproper subject for operations researcn; it does not provide 
moe engineer with any useful information about tne process of 
PYDF on short duration signals. However, one does not need a 
Meeeci:ic operational context to know that hign POB is good 
and low FOB is bad. 

Mae Can summarize this section by stating: (1! A4 is an 
Merective measure of reliability of tne data, (2) the 
Merrance is high for short duration signals, (3; tne average 
pearing error is not useful without calibration data and (4) 
variance irprovement with time averaf#?ing corresponds in order 


of magnitude with that predicted bv fading phenomena. 
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mee LMAT 


mae previous section detailed the results cr accepting 
data record bearings on tne tbvasis of the A4t term. The 
calculated variances are large and in some cases the 
Corresponding POB is small. There is a strong need to lower 
the variances and increase the POR to avororimately one. To 
Mmemools requires a@ mere complete use of the data; tnis 
Mociudes the A@ and Pnase terms. 

mae tvneoretical equations of the coexial spaced loons 
Mrove the eristence of polarization independent nulls in the 
Mea! case. dAowever, the construction of perfect loops and 
mree space siting of tnese loops is clearly impossible. 
Pecognizing that the spaced loop array does not perform 
mmminy, One attempts to identify the sources of fixed error 
meee correct them with a calibration data set. Otner Sources 
Meewerror are random and are described in probabilistic terms. 
It is usually the case that more than one of tne major errors 
Seeerandom. his results in joint Dro va oll Vt y Gen Ssiny 
Mere tions that are impossible to derive analytically and 
impossible to isolate in order to measur 

In an attempt to maximize the use of information available 
Maunout a precise Knowledge of eitner the fixed or random 
Serors, it was decided to take a decision theory approach. An 


assessment of a bearing’s reliability is what is most needed. 
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The decision to be made is bdDinary;s a bearing is reliable or 
unreliable. Once tne bearing reliability is determined, tne 
Statistical procedure develoned for DFERR can be used to 
determine a mean bearing. The decision to determine if a 
Mearing is reliable will be based on the likelinood that it 
moe reliatle. 


As an example, assume the following data records: 


Record # A®@ A4 Bearing 
i 6.113 0.214 S42 
2 OrGi2 J ,.20e 2S 
5 0.514 9.421 Bee 
4 ees eles eee 


Mae true bearing is known to be 3357. Assume that a se€cond 


meta set is recorded on an unlocated target transmitter: 


Record # Ag Ad Pearing 
It 8.856 Oo .29e na 
Z G.@822 oes C42 
3 2.1289 Gee 2 G93 
& 4.666 9.432 JET 


Meme reccrd is most reliable? [t 15 xnown in data set ore 
Meeeune first record is the most reliable because its 
Dearing is the most accurate. Using the maximum lixelincod 
(ML) criterion. one would estimate that the reccrd in data 
Set two that most closely resembles record one of data set 
One 15 the most reliable. By ML criterion record tnree would 
be selected because its AM and A4 parareters are the closest 
Semen, tO record one of the first data set. [n this scheme 
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there is 10 filtering on preset Ag or A4 limits. If tae 
lowest level of AZ and A4 were the reliabilty criterion, 
record one of the second data set would have been selected as 
the best estimate. The advantage of the ML criterion is tnat 
it is a use what works technique. The deductive approach of 
analysis of the system and errors is discarded tecause it is 
too complicated. instead, the inductive technique cf 
Memerving and classifying provides the more attractive 
meoroacnh in this case. 

mom use the ML criterion with the SWRI data files one must 
exvand upon the ideas presented in the example. Derine two 
Matrices, a bearing acceptable and a bearing unacceptable 
Meer ix. Sacn matrix is three dimensional; a dimension is 
allotted to A@, one to Pnase and the third to A4. This spans 
See the information in a data record. A@ is a measure of tne 
morizontal field component; Phase 1s a measure of 
Memarization; and, A4 is a measure of system inconsistency. 
These three measures are not sufficient to completely specify 
meeven performance; in fact, tnev are not sufficient to 
completely specify the nena zental field component, 
Memearization or system inconsistency. Tney are wnat is 
Meera nie. Sach dimension is divided into ten increments. The 
A? and A4 dimension values are between 2 and 1.2 in 
increments of 94.1 . The Phase dimension is between -1&2 ard 


7188 in increments of 236 degrees. The structure of both 


ge 





matrices can be sketched as: 
Ad 


fo pase 


~\80 © 180 


PHASE 


The matrices are defined to be expressions of tne 
Memeitional probability mass. They are created by using a4 
meme Or files of data on a target of known position. Anowing 
M@emirue rearing permits one to address either the bearing 
acceptable Or tearing Lice ce pial ke Meche ik. Further 
Explanation is best pnresented using an exarnple. The followinz 


records are available from a data set with a true bearing 


monn to be 537 deez: 


mecord) # AG Phase Ad Bearing 
(deg) (dez) 
1 O79 17 —42 @.621 Zo 
ze Gee 1S —64 Z.518 eae 
3 eet eZ 0 Geeo O57 
+ G.342 72 2.185 J4f 
Al) the elements On the bearing acceptabdle and 


meacceptable matrices are initialized at zero. The criterion 
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more placement in one matrix or tne other is tne value of the 
memes. & Window about the true bearing is defined. If tne 
Window is definee as 1% degrees. a bearing is acceptable if 
Memes within 5 degrees either side cf the true bearing. tacn 
record in a file is examined. Record number one is 
unacceptable because the bearing value is not in the 82-842 
Mes window. Therefore. its A@, Phase and Ad values are mapped 
Mmmeo increments along the resvective dimensions of the 
unacceptable matrix, therebv addressing one of the elements 
Meee the matrix. A one is added to the contents of tnis 
element. Hach recovd in turn is examined .and a one 15 added 
either to an element in the bearing acceptable or the bearing 
unacceptable matriy. (Record number four is an example of a 
meecord that would apply to the bearing atceptable matrix., 
After all records have been protessed, each element in the 
bearing acceptable matrix is divided by the number of records 
Mmeerce cOntributed to that matrix. Similatlyv, tne elements of 
meee bearing unacceptable matrix are divided by the number of 
Memeroras that contributed to it. This produces an expression 
Meeconditional oprotability. If a bearing is acceptable, the 
protability of it having a particular Ag, Phase and A& value 
mee eCdual to the value in the acceptable matrix addressed by 
the given AG, Phase and A4 values. Likewise, if a bearing is 
Ma@ecceptable, the probabilities of its Ad, Phase and A4 


values can be read from the element addressed by those 


nC? 





walues. 

The accevtable and unacceptable matrices are constructed 
from data on a located target. If one ovrocesses a file of 
[are On an undnown tarset, the matrices are usea as follows. 
Memne the AZ, Phase and 44 values to address both of tae 
matrices, the element values of the matrices are comparec. 
Suppose the value fron the acceptable matrix is 4.211. ane 
Mmeom tne unacceptable matvwix., it is @.497. The ML criterion 
Mees the decisicn for the matrix Wied the nignest 
provatilitvy (maximum likelihood). 9.211 is the highest value; 
therefore, the decision is that the bearing is acceptable. 

The reauirement to address two matrices and compare tne 
returned values can te eliminated bv forming a single 
Mmeerinood ratio matrix. This matrix is constructed by 
Myiding each element of the bearing acceptable matrix by tne 
correspecnding element of the bearing unaccevtable matrix. The 
decision cen be made on a Single element of tne lixelinood 
ratio matrix (also simply called likelinood matrix or denoted 
as {L]). In the example above, the ratio of the two values is 
Peers. the decision is that a bearing is acceptable if the 
addressed element of the likelihood matriy is sreater than or 
ee tO Ore. If less than one, the bearing is unacceptable. 

The above ideas can be set into mathematical notation as 
foliows. Matrices are denoted witn brackets. The elements of 


a matrix are indexed with i.j,« in the general case. 
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(Al : bearing acceptable matrix 

[1] : bearing unacceptable matrix 
Were) = 1A (AD Phase .A4)] 
fieeeneec ey = |UR(AG @hase Ad) | 

Na = number of records tabulated in ;4] 
Nu = number of records tabulated in [(U! 


Na + Nu = (182330) X (number of files used) 


Maes procvabilitv mass matrices are: 


ia) Ae 


[Pa f 
(1/Nu) [Uv] 


eae 


“oo 


Se 


Mee maximum likelihood (ML) criterion can be used to 
decide the acceptability of a bearing. 


Let the record be {Ad=a, hase=8,44=Z%.Ro}., then, 


mmere, the decisions D1 and D2 are. 


P22 searing 1s acceptable 


Dye searing iS unacceptable 


ue, «tne decision is D2: if A < U. the decision is Dl. 
This comperison process can be simplified and at tne same 
time be made more flexible by defining a lixeélinood ratio 


mavrix {[L!l: 
[Lb] = [Pa] @® [eu] 


ee 





where the symbol (@)) means to divide each element of the 
meerix [Pal only by its i,j.k counterpart in [Pu]. (Define 
meee = infinity.) 


Mme ML criterion can be rewritten as; 


D2 
ee med ceatrin of 1 “s 
DI 
ot 
D2 
= > 
“x, BY, < i 
Di 


mm@emeacbove idea can be extended to the Minimu™ rrodvability of 
error (MPR) and the Bayes Cost (BC) Erte 2s 


peeraientforwardlv: 


De P{B acceptable} 
AMI ea 
D1 P{B unaccentable} 


Oe = Erie eae! Eeeitacc | 


reo Ch meee ucing deceptable when unacceptable 
eeeGost On ceCG1d1t2 unacceptable when acceptable 
Pre wcostueOreieciadime Unacceotarle when ulacceptanle 
Oeeeece se O -eeeci@ging accentable when acceptatie 


The terms on the right side of the decision symctols are 
Matrices. Tne ratio of P{Bacceptaplet to Pi{Bunacceptable 
e 


must te determined separately for each element of tne matriry. 
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he same will probably te true for the Bayesian costs. The 
Meeeecand ©C criteria are nore sophisticated and will oprobatiy 
vield better results, but data limitation prevented further 
investigation. Very large amcunts of data would be needed to 
Memermine orcebdabilitvy ratios for each element of a 1¢@x14x12 
Moers. Lt would also require a overational input for a 
Pealistic assessment of Bavesian costs. 

Using the above concepts, the FORTRAN program iLMAT was 
Metter to produce the lixelinood ratio matrices [{L} from 
l 


Mma@ividual files and from egrouns of files. Testine of the 


meperod centered on the 15 MHz files becanse they are the most 
mumerous for a single freauency (three files). An L matrir 
Memeecreated from file 3 for two Separate definitions of 
“bearing acceptable . The first. denoted L{3.S8!. considered 
the bearings acceptable window to be ninety degrees wide. The 
mecond, £'3.209]). used a twenty degree window to construct tae 
matrix. 

Using the L matrices, several data files were processed 
emploving the program LFILE (L matriy modified FIL“). This 
program reacs the AG, Phase and Aé¢ term of each record and 
uses then to address tne L matrix. If the element addressea 


as greater than one. tne vdearinge in tnat record is considered 


Meeenvable, ana the record is written inte a new data fil 


(D 


witno a new A4 term equal to @.f1. Only the A4 term is 


Changed. The new data file is subsequently yvrocessed ov DFERR 


1¢@+4 


which will always treat an acceptable bearing (A4=8.31) as 
Mealid for statistical omrocessing. If the L matrix element 
eadressed is less that one. the bearing is unacceptable an 
assizned the A4 value 12.4 in the new aata file. DFARR will 
reject anv bearing with this large A4 value. 

Seem tle of Irpterest 1s tne 199¢ 15 MHz file. Fizure 35 is 
m@eeresult of simple DFERR processing on this file; figure 356 
Ms the histogram of the bearing error. Several exandles of L 
Mmeeae processing on this file are graphed in figures 87, Sy 
Dg: . Ihe explanation of these eraphs is id@ntical te the 
Beeplanation given in the trevious section. [It will be noted 
snowever, that the graphs are labelled with the L matrix 
Memacicn. The A4MAX term is not applicable. Each grapn has an 
a@ccompaning histogram of the bearing error. Figure 37 is tae 
Mere Nrocessed ty an L matrix made frem tne file itself. 
Mreure <9 1s the file processed ov an L matrix created from a 
mero tile at the same freuyuercyv. Figvre 41 is the file 
Memocessed bv an L matrix created from four 1$79 wa¥ files at 
different frequencies. Not unexrectedly, the best performance 
Memeo tne & matrix formed from tne file itself (Fig. 37). But 
Meets interesting to note that the L matrix created from the 
Single file of identical freauency (Fig. 39) performed better 
Mime Lhe matrix made up from the four files (Fiz. 41). This 
momes tO contirm frequency sensitivity in tne L matrix. It 


mame prove valuable to add a frennency dimension, making the L 





myorix four dimensional. 

Peeconsicereble amount oof processing was aevoted to 
Mepermine an optimum window for the likelihood matrix. No one 
Wandow width outnerformed other widths in all catezories. The 
Memtoral difsicultvy is that one thousand elements in the L 
Metrix must ve determined. Accuracy in terms of ML for eacn 
mement is a limiting process; as the number of bearings usec 
to determine each element aporceacnes infinity, the true ML 
mero is aetermined. To appreximate the infinite sample ML 
meee coin 812 percent would require very rougnaly i222 
records per element. But some elements are rarely adcaressedc; 
toerefore. largS amounts of data are needed to fill tae L 
Metrix. [ne amount of data can be estimated ina very rouen 
Mememeeusing four files and a ninety degree window. it wis 
Meserved that atovt +49 percent of the ratrix elements are 
addressed zero or one times. [If the requirement is tnat the 
Peooadility of this heppéenineg should be less than @.2Z@81. tae 
expression (9.4) =(@.@@1) determines the number (n) of sets 
Memeeour ~11e€5 required. In this case about thirty files would 
Meme guiread. this corresponds to 39¢,9¢@G@ records or 172 
Memes Nt data. This is an easily achieved number et the 
antenna svstem develonvment site. 

Maeemost Overall successful runs were made with a ninety 
Meeree window. In tarle VI are the results of processing the 


meee Gata files with a likelinood matrix constructed from the 
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Mero data. The first four 1979 files were used; the fiftn, a4 
meeond 15 MHz file. was not included to avoid a possible 
Memaneant i5 “Maz bias. The data in table VI is the variance 
mae POr from simple DFEP® processing (A4MAX=9.2) and fron L 
Meerix orocessing (L(1-4,9@)). For the 13389 5 MHz file the 
memrance iS high in either case. Starting at 3939 ms signal 
Mmrecion, the L matrix processing has a lower variance, and 
as the signal duration increases, L matrix processing is 


4 
. 
- 


Meurer ard better compared to UFZRR vrocessing. rernanps much 
Mere Significant is that the L prcecessing has a much nisher 
Meee Yitn the 19&8 18 MHz file, GL matrix processines is 
Mmmeericr at every signal curation. This is also true for the 
Memmertz | 6Ccf il le.6UTHhIisSl6h 6UdiSlhCc2@lhCUS1@nificant result. L Matrix 
Meese sSsins is generally supericr te the A4@ filter process cf 
Meeens. In some cases the variance is halved and the PC3 is 
Mere than doubled. However, verformance against ZLC is poorer 
mor can be seen in the table. For tne skortest signal 


Mmmeebions, the L matrix variance is higner than JFEFR 


r-} 


n 


(D 


MeeecsSinz. out tne two approach each otner past 5d ms. 
Mees Sligntilvy higher for the L matrix process. 
Metesresults in table VI ere very encouraging. A matrix 
Meeoecd ) «€©6f TOM 6«6IS7S6h6UdGata 6S1snificantly outperforned DFERR 
Boecessing on the 198¢ data. Tae vocrer results for «LC are 
Meeeeourprising. w4wVY bears 2337 dee from san Antonio. and «LC 


Bears 797 des. The antenna array which iS mounted atopn a 


aie 





Meraizontallvy girded building suffers pattern distortion due 
meme benna element coupling with the bnilding. The distortion 
to the pattern is dependent both on the azimuth and elevatior 
mere eat woich the signal arrives. In fact. tne <LO results 
meen Sncouragineg. Tne fact that L matrix vrocessing ana DFizRk 
processing results are so close suggests tnat azimutrel 
Meeencence is not an overiding factor. [t may be possible to 
mempeve acceptable resultS uSine L Matrices created fror 
Memeeeern Sector date. If a first suess iS tnat a bearing is in 


Mme sector 217 to 277, vost vorocessine could use an L matrix 


QO deerec sector. In all siz . 


O> 


peeecifically created for that 
Meurices would te reqvired te cover the full azimutna. 

Tne ontimism exynressed above mist be tempered by the fact 
Meer tne technique end the results were derivei with an 
Mec vive avproacn. A theoretical basis with wnich tae L 
Metrix success could have teen predictec was not derived. L 
Metrix success wes 2bServed, not predicted. Confidence that 
the technique is functional in the general case will require 
Meeervatlon in situations where frequency. azimuth. SNR. 
Memeredl! anzle of arrival, polarization. shipboard siting and 


propagation modes ave varied. 


ae 
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nrocessing, 


ie eae 
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TABLE VI 


meena! Duration in milliseconds: 
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DFERR 
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fae Lo matris is L(1-4.92). 
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Meee SIGUITY RESOLUTION 


The histograms of the average bearing error demonstrate 
Meenwot the difficulties with tne SW?PIl sfpated loop anténna 
meee in trying to DF shovt duration signals. It can be seen 
femeeelooxing at the histograms thet there are bearing error 
mmeepers that cluster in relatively larse values at points af 


142 and 90 degree ambiguity. This corresponds to the antenna 


Seeten decidinzs on the wrong null in the antenna arrey 


tt) 


ctr 
cr 
;2- 
(D 


pattern. Tae eese Ver Mtr lithe wnhic2 t515 can. eaffec 
Beculated variance is graphed in figure 435. Thais s#rann. 
plotted from an equation developed Po wee ad ixy Ss. 
denonstrates that a small number of ambiguities have a very 
Significant effect on the variance. The graph assumes 17°22 
meerenes constitute tne total sample. All the ambiguities ars 
fumes desrees. The abscissa is the number of i186 dezree 
ambiguities. Tne ordinate is the ratio of the new variance to 
the Old variance which is set at twenty degrees squared. If, 
for example, there are ten 188 degree ambizuities in the 
Original sample and they are removed, the néw standard 
deviation will te less than ten degrees squared. In the case 
Meany smell sets representing short duration signals, 
Evaluated separately, the reduction in variance will be 
mepeer than that predicted in figure 43. 


mOeeramine the effect of removing the ambiguities trom tne 


ie 





miei data files, a FORTRAN program AYW81IG was written to set 
meee A2 value t59 19.6 for every record wnich is witnin a 


marrow window about the 93 and 18@ degree ambiguities. 


mepins tne At to such a large value permitted the use of the 
Meee pregram which automatically rejects records with such a 
meno A4 term. This test was run on several data files and the 


Mesnlts are disvlayed in figures #4 anc 45. It can be seen 
Mp sherp dcdecreéeses in variance occur. servine to maxe tae 
bearing estimate more reliable. 

The resolution of ambiguities with rarrow aperture systems 
Meme | 6Ccmt ficult 3 vrobler. Tne algorithms are esueci all 


memsitive to vertical angle of arrival, low SNE and multimode 


oO 


Meeeeation. ‘Time averaging, if the signal is sutricientiv 
memeeecan Overcome multimode Dropazation, tut vertical ansle 
Meer rival is very adepencent on array geometry. and SNe is 
Meeeenm totally uncontrollable. The spnaced 1090 array ambiguit: 
merrem may te due to equipment errors, but it is more likely 
Poet the physical limitation of the aderture is the omrimary 
Beereicuitv. The aperture is insufficient to sense wavefront 
Siebortions or to sharply isolate pattern nulls. In tne case 
Memeoorst §=CONMUniCcCations, time averafing is impossitle. The 
Memeo w aperture array must be assisted tv wide aperture 
ements tc work afainst short duréetion signals. If @ spaced 
loop array is mounted atoard a naval vessel, it may te 


Pessitie t9 add a simple loon element at the bow and stern 
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ond two amidsnips. Tnois simple cross shaped interferometer 
array would be medium aperture. By itself it would not 
Seeeree Teliabie Hel, but it could improve the reliability 
et tne narrow aperture system by sensing wavetront 
Gistortions and providing deep, well defined nulls to resdlve 


moi epities. 
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Figure 43 


Ambiguity Suppression Curve 
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Figure 44 


Ambiguity Suppression for WWV 5 MHz 2/80 
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Figure 45 


Ambiguity Suppression For WWV 15 MHz 2/80 
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A. CONCLUSIONS 


feeeee rt Ormance and the [onosvnere. 


—— a ee eee ee : oe ee ee ee ee eee eee 


The narrow aperture antenna is povsically incapable of 
sDatiallvy sensing phase or amplitude wavefront distortions 
that neve spatial periods of manv wavelergtns. Tnhis inaerent 
disadvantage must be overcome by time averaging. Under tne 
Meoumption that wavefront distortions fluctuate about the 
undistorted wavefront (the mean wavefront). tne minimum tine 
necessary to average out the distortions is equal to the 
longest period of the primary pnenomena causing the 
mevortion. The most severe distortions occur with multimode 
interference when two or more ravs are comparaodle in 
amplitude. In this case the tine required to average out the 
Mmem@etuations is the fading period of the major spectral 
Component of the fading power spectrum, ronghniv on the order 
Breeven seconds for an HF signal. This means that a narrow 
Meee re antenna Cannot reliably determine the direction of 
Sepivel Of a burst transmission in the presence of severe 
Multimode interference. As the severity of distortion is 
Meauced, the reliability of DF is improved. In the case ofr 


the SWI spaced loop HFDF system, the range of standard 
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memmration for the 299 ms signals studied nere is from 15 
degrees for signals sysnthesized from data in file 4 t0 59 
Meerees for signals synthesized from data in file 1¢. Tae 
Meermace stardard deviaticn ever the nine data files is 29 1 
degrees. These data files are telieved to include both 
multimode and single mode signals and signals witn nigh and 


Mow SNr’s. 


Peeeeeriormance Specifications 


—— ee ee ee ee — we ey . — Os eee au aw = aw 


iaeee peGroOnumance of @a@ narrow aperture ASDF system 
meainst short duration signals is yery dependent on 
POnospheric propvagation. There?’ore, the performance of tne 
System cannot be specified seraratelvy from svecifications on 
mies State of the ionosphere. To state that a svstem must 


Meprorm with a given standard deviation of bearing error 


eurine quiet ionospheric COmeitions with single mode 
Mropagation is mucn different from requiring the same 
stendard Ven Tat ion of cette ol Ton maurine dicen roped 


memospheric conditions or with multimode propagation. 


on ee eee Gee ome ee Gee Oe eee Se - 


There are several sources of fading in ionospheric 
propagation: however, fading can be considered a 300d measure 
feeee>e|) «6©6OhShtOrtion of local constant vhase and constant 


amplitnee wavefronts. If fading is severe. on the orcer of 22 
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Memeone Can be confident that significant distortion is 
mecurring to the wavefront end that narrow aperture derived 
DF bearings on short duration signals will be generally 


unreliable. 


Peeuikelihnood Ratio Matriz 


—_e ae = Se ——_——— oo — te a te oe — SF ae OS oe oe 


Wr COnGeD?t sOrsousineg 2 Lizeliaood matrix develoved 
from given, reliable data to make a binary (acceptable or not 
acceptable) decision on a random data set has not been fully 
explored. However, tne results from the limited processing 
@re very encouraging. It snouli prove possitle to develon 
appropriately sized and numbered L matrices canvatle or 


Meenas icently outperforming algorithms based only On 


filtering bv vaerameter limits. 


See AnDdiguitv Blimination 
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The Pulberdi 12 Fe, eliminate 94 and 1 


CD 
MQ 


desree 
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ambiguities demonstrated that a significant reduction in 
bearing variance can be accomplished if the source of the 
Soe uities can be corrected. It is doubtful, however, that 
meee correction can be accomplished without the introduction 


Of supportive medium aperture interferometer elenents. 





B. RECOMMENDATIONS 


Meuse of Ali lonospheric Data 
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Povoewita Naweeow epee TLure antennas on short duration 


Signals must mayimize the use of as much real tire 


cr 
ey 
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Mmeeormation as possible on the iodnospnere. Evaluation of 


}— 
Le 


mammeredl angele of arrival and polarization is needed to he 
Getermine if a ground wave or a sxvwave turst transmission is 
means received. The vertical angle of arrival will further 
Mermit an estimate of range. The range and vertical angle of 
merivdl information should be used witn a Dro pa2at 197 
prediction program to maxe an overall evaluation of tne 
mememacility of a calculated bearing based on predicted 


mM 


memcspneric induced bearing Variance. fo improve the 
Peopagation prediction program, real time measurements of 
ionospneric parameters are reeded. This conld be accomplished 
memmupaated inputs of seophvsical data. shipboard ionosnvheric 
sounders, solar observations, data derived from satellite 
beacons and the use of geographically fixed transmitters as 
Mmegeons. The Provision of this information will probably not 
Memmat the calculation of amore accurate bearing, but it 
Will nelp to determine the reliatility of the bearing (the 


variance of the bearing). 
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Various recevver Detameters,. essdecially the i 


Mmoeetdee, s1o0uld be monitored to estimate the fading of 


~— 


ed) 


Mmeetal. A large variation of the AGC voltage could signify 
meains and somewhat reduce tne confidence in the calculated 


Mearineg. A Small variation in tne AGC voltage would be 


maconclusive. 


MaeesSpeciitcations ter the required pertcrmance cf a 
Mar "OW aperture antenna system must include the ionospneric 
mem@rcions under wnich performance is to be measured. An 
erample specificatior is that a system must have an averaéce 
Mearing error of five degrees and a standard deviation that 
Pacompasses at least S7 percent of tne data when tne sizgnal 
is received in the 24 meter band via a predominantly one nop 
Meopaszation path. The signal power of other propagation modes 
Saould pe 34 dd below tne primary mode. and tne SNR against 
Semeeeround noise should be at least le db. To conduct such 
Measurements aboard a ship may require that the snip be 
Meortioned close to a wide aperture arrav that would be able 
MomeeresOive the local mede structure of a known target 


transmitter’s signal. 
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4. Likelinood Ratio Matrix fecanigue 


—e Gee Gee 8 eee ee eee Oe es — — —_ = oe Gee oe eee —e =P eee = oe SE oe eee eee 


Though the results of using the Prowpavalistic 
Mieelinhooi matrix were were not totally conclusive. it is 
recommended tnat this approach oe further investisated. fhe 
strong avpeal of the likelihood matrix approach is the 
feeermum use of iinformetion in an imprecisely known and 
impreciselv xnowabdle environment. furtner investigation 
Should include the following areas. Optimize the dimensions 
Meet noe ijikelihood matrix. perhaps eliminating tae prase 
Memension. Define the likelihood matriy in terms ofr tne 
memimum probability of error criterion insteaa of tne maximum 
Mieerinoecd criterion. Define the likelihood matrix in terrs 
of Bayesian costs and compare the resvlts with those of 
maximum likelihood and Teer orabllity of error. 
Determine tne frequency, SNR and fading sensitivies cf tre 
Meer inooc matrix. Of greatest value and greatest difficulty 
Mourad be a seneral theoretical development of tae lixelinoad 
meeraix in tenms of the spaced loon svstem parameters. It may 
Meroe CO be the case that tne likelincod matrix could 
Bemeisely store calibration data. This could be calitration 
Memcaimuth, elevation, polarization. frequency and SNE, all 
in Miri te | mumber of likelihood matrices. Using the 
Meeemeements O: frequency and SNR ard the estimates of 
azimuth, elevation and polarization, a stored lixelinccd 
Matrix would postovrocess system data to refine tne  »pearirs 
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estimate. 


Spee bieuity Diagnostic Algorithm 


mee ee eee ee ee ee — <M —— ~— a ome eee ew ee ee 


Tnoere is a need to develon 4a cdiasnostic alzoritam that 
mei USE )6U6UdlhC KNOWN. )«60Cnfilcxed transmitter to tabulate ambizuitv 
eemors aS a check of system sensitivity and cf the vhase 


Sensine elerents, particularily the onesermete-. 


mae esvacea loop array does not »mrovide reliable data 
MeeeeevarioOus important tactical situations. The veriance 
Meeocireated with a burst signal bearing is t99 larse tor most 
[meeenc tarsetinge alzorithms. To imvdreve performance, the 


Peasibilityvy of addin2 a simple mediun apertur2 interferometer 


Saould be investizated. 
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APPSNDIX A 
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AVSRAGS AND STANDARD DEVIATION CaALULATICNS ON BHARIWGS 


ire COMputer prorrams used in tne analysis portion of this 
Mmeport corputes average and staniard deviation of pearings. 
Mumemomeotatisticael calculations are straiehtrorward, cut not 
Mmomethe iorm generally recscenized. In this report. beariress 
have teen treated as integers in tne set 929 to 55y. Wnen 
Cdlculatine averages of tearinegs tnat overlap the 4-559 
mommeervy, it must te taxen into account that $52 differs fron 
@ pv only one degree. For this reason the following formulas 


were develaned. 


Assume that n pearings are available for averaginsz: 
plete Stes ee BO lee a BN 


Normally the average would be calculated by: 


Bem tn) Bt 


by 


Fewrite the bearings in terms of a reference Dearine. 5 re 


and a difference Ai. 
bie= peorer = Ai 
Then, 


feemeiyn) >, {8 ree + Ai) = B v~ef + (1/n)>, Ai= 3B ref -A 


ee 





Averaze bearing = Reference 3earina + Average Difference 


meeers Most convenient to let 5B rer = 4; then, 


-A 


tx | 


nmowever,., tne greatest difference allowec in 42 ciosed set 4 to 
©bS is i1&¢:; therefore. max = 186. and the conditional 


merarition is: 


ASie= 7s) if Bi < 19¢ 
an = Fio= Seq if si S 1a¢ 


Mew tne averase formula can te written: 
Pen Dy Ai 


Meeemeet) LO Che conditional definition of . which is easily 
implemerted in FORTPAN. 
Mereeune standard deviation, a typical formula is: 


2 


2 2 
eel) Five (8) 
Again let: 
Ai =3i 3 <¢ Bi < 182 
Ai = 31 - 382 1989 < Bi < 342 


Then. in alixe manner, 


EA = in) Aa, 


8 





pee ieee AS STON VARTANGS EQUATION 


mctomeanailvsis POrtion of this revort. the results of 
suppressing $943 and 18&¢% degree ambizuities from a tearing data 
eure were discussed. The equation used te describe tne 
Mem icance cf ambizuity suppression is derived in tais 
emeoendix. 

Assume that a histogram of bearing GErors closely 


~ 


Mroximates the prebvabiltiy density function pfb). where 


e 


eis sketched as: 


F/2 cs a(b) *® oe 


-1I80 -~A0 0 Go 18d 
maemeelta functions represent that portion of tne nistogran 
Memeo ambiguities. Tne function g(t) is general; tne only 
Memeo rlOr associated with it are that the orisin of the +t 
Meme cO1ICide with the mean of e(b! and that gtd) be wide 


megeearec witn the distributicn of tne ambizuities. 
Ome writes 0(d) as: 
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+ (P/2)8(v-1ee) 4 
esing foo oe 
and faer ieee ho Rp = 1 
tnaen fa oe eet tf ) oe 


Mee Yariance of v(b' is: 
VAR! BI = fr*d() db - LS er) a 
oa . 2 7 2, 
f: pao) db 7 Peo gerceoe Ceres ee oP Fr (PtP) (Ou | 
fi ee) ab = 2+ (L)C-o2) + (PR) (98) = (R-1)(99) 
: 2 2 . | 
VARS] = fo mmc eey (Peg CER ogy —(F—-L) (90) (3) 


If the ambisuities are eliminated, a new pif 2°(bd) results. 


g (b) 


b 
- 40 qO 


= {b) is a scaled version of g(b)3 therefore, 


go“ anne ree act 


K g°(bd) 
fro db =1 ==> fro ap = x 


Bomoining tnis with (2) yields: 


=e aoe Ge + RY) (4) 


Tne variance of the new vdf is: 





2 
VAR R7] - fr ee) do | fe 2 ib) ad 


“fe Ma (1/0) fo ef) ab 
fos’ db 
fp’ } 


meie’] = aie) frets ab (5) 


Hates cumetton. centered at the orizin 


memati tute (5) into (3) and sclve for the new variance: 


~ 


VARiai = % VAR(3B7} + (P)(18@) + (L+R)(Q97)} - (R-L)( 92) 


Mmretb yd On (o'’ 15 the expression that avprcoximates the rew 
Variance of a4 seneral distribution wnen the ambisuities are 
mumpemoatec. Toere is one condition that mnust be obdservec. 
Because variance is always a positive quantity. the numerator 
memeto’ mrst be a vositive uuantity. (The denominetor is 


queranteed to be positive.) Therefore, 


a 2 
meee) + ((R-L) - (L+R) - 4P)(9@) > G@ wnicn can be 
re-expressecdc as, 
2 
O, pe oe [2 he) — 2-1) | ee 





PROP oe. 


Meee data used to compile the information of Table [I was 
Mmeeeiced by “r. Sob Fose of Naval Ocean Systems vUenter 
Miesc!). The diagrams incluzed ir this appendix are some 
Seamoles of the granhical output available from toe 


Mmemoecpieric prediction program PROPUST. 
= 


Figures 6 and 49 are ray trace plots or tne sienal peth 
mectieew’Y at Boulder, Colorado, t0 San Antonio Texas. The 


necesserv invuts te tne program are the date, time and 
zeopnysical data. The date and time were selected to 


wm 


MemerespOnd with tne SWRI sveced lcecpv antenna data. Tae 


mmmemotc Number ana x-ray tlux were determined fron Dublisned 
Meera vsical data. The 18.7 cm flux is a number tnat can te 
Mervermined from the sunsnot number. PROPdART also reauires the 
meemsmitter s location, power and gain which in the cease of 
WN was determined from published sources. The traces 
mewresent the signal at launch angles from @ to 5¢ degrees in 
Seoceree increments: the traces are framed in a spatial 
coordinate system, altitude versrs range. The receiver’s 
[eeat1On 15 dencted by an asterisk at the ccerrect distance 
Mme tne range aris. This distance is tne great circle arc 
ceornecting the transmitter and receiver. 


13 
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Refraction causes the traces to tend back to the sarth 
Mmless tne launch anesle is sufficiently hizh to permit tne 
meeto ©<scapve the Barth. Tnis is the case tor tne 54 degree 
Meaunen ray in fieure 46. Multinede occurs when rey traces 
eross each other and returr to the surface at approximately 
the same position. In figure 49 there is a potential 


multimode condition at the receiver. The severity Qo? 


¢ 


multimode interference 4 ras om™ the strengtns or tne 


'D 
a 
MD 


Sgieter op traces after reflection at tre surface of the fearth 
and 9) layer absorption. 

Misures +7 and 5¢@ are relétive power diagrams ina 
meeauvercy versis 24 hour coordinate system. The curves are 
Memative vower contours. The tod cuve represents the MUP, and 
its relative power value is -3d db. The bottom contour is tne 
LUFF, and it too has a relative power valve of -S" ab. 4&5 one 
works inward from the outer two contours, each succeeding 
Mmeecour iS a +1?7 dbd higher tnan its cutside neiegnbor. Tne 


m 


iro tae contours may reach values of +190 and +¢2% db. The 
menial power received is devendent upon the transmitter Dower 
megetne propazation conditions. 

Eemomes CT LOnospheric inducec variance are sneown in figures 
emeadmta si. tne values of variance are especiallv useful for 
Meeeect10On finding worst in that they are e@ measure of error 


5 a 
4 


Pnduced bv the ionosvnere incependent of env HFT system. Thr 


Meiues are calculated from empirically derived formulas. The 


IM 





marst order effect is freavency dependent. and tne secora 
meager effect is based on the Pess curve of variance as a 
Mmemction 9: range. Yeference 13 1s the NOSC documentation on 
mee aevelormert of the empirical formulas. Ficures 4& and 51 
Show that variance is typically oetween 1 and 2 degrees 
meuared with occassional sharp oveaeks reaching 2 cegrees 


Mmeemec f£cs about one hour duration. The mejor peak at 13372 


4) 


Memone to sunrise effects (termirator};. 
Peaditiona lee Oshiole n OMe ne cCepanbllplies ©: PROraiT can 


mer obteined from NOSC. 
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